Previous studies have shown that adult rabbit left ventricular myocytes exhibit sex and regional differences in L-type calcium current (I Ca-L ) levels that contribute to increased female susceptibility to arrhythmogenic early after-depolarizations (EADs). We used patch-clamp recordings from isolated adult male and female rabbit right ventricular myocytes to determine apex-base differences in I Ca-L density and used mathematical modelling to examine the contribution of I Ca-L to EAD formation. Current density measured at 0 mV in female base myocytes was 67% higher than in male base myocytes and 55% higher than in female apex myocytes. No differences were observed between male and female apex myocytes, between male apex and base myocytes, or in the voltage dependences of I Ca-L activation or inactivation. The role of oestrogen was investigated using cultured adult female right ventricular base myocytes. After 2 days, 17β-estradiol (1 nm) produced a 65% increase in I Ca-L density compared with untreated control myocytes, suggesting an oestrogen-induced upregulation of I Ca-L . Action potential simulations using a modified Luo-Rudy cardiomyocyte model showed that increased I Ca-L density, at the level observed in female base myocytes, resulted in longer duration action potentials, and when combined with a 50% reduction of the rapidly inactivating delayed rectifier potassium current conductance to model long QT syndrome type 2, the action potential was accompanied by one or more EADs. Thus, we found higher levels of I Ca-L in adult female right 
Introduction
Adult women have an increased action potential duration (APD) and a longer rate-corrected Q-T interval than men (Makkar et al. 1993; Salama & Bett, 2014) . If the Q-T interval is longer than 460-479 ms in women, this condition is considered pathological and is known as long QT syndrome (LQTS), a disorder that increases susceptibility to early after-depolarization (EAD) formation, the polymorphic ventricular tachycardia known as torsade de pointes (TdP), and sudden cardiac death (Makkar et al. 1993; Abi-Gerges et al. 2004; James et al. 2007; Webster & Berul, 2008) . In women with LQTS and TdP, action potential (AP) recordings from the right ventricle found prolonged APDs, the longest of which demonstrated EADs during the repolarizing phase, resulting in focal re-excitations (Bonatti et al. 1983) . Women are also more prone to ventricular tachycardias initiated by premature extrasystoles originating in the right ventricular outflow tract (Buxton et al. 1983; Noda et al. 2005; Brugada & Diez, 2010) .
In long QT type 2 (LQT2), reduction of the repolarizing rapid delayed rectifier potassium current (I Kr ) limits myocyte repolarization capacity and thus prolongs APD and promotes EAD formation Abi-Gerges et al. 2004; James et al. 2007; Webster & Berul, 2008; Salama & Bett, 2014; Roden, 2016) . The congenital form of LQT2 results from a loss-of-function mutation within the gene that codes for the I Kr ion channel (Webster & Berul, 2008; Ackerman & Mohler, 2010) , whereas drug-induced (acquired) LQT2 can be caused by a wide array of cardiac and non-cardiac drugs that inhibit I Kr (Makkar et al. 1993; Pham et al. 2001; Verkerk et al. 2005; Roden, 2016) .
Women have a greater susceptibility to developing LQT2 owing to their smaller repolarizing reserve compared with men (Makkar et al. 1993; Locati et al. 1998; Abi-Gerges et al. 2004; James et al. 2007; Gaborit et al. 2010; Yang & Clancy, 2010; Maruyama et al. 2011; Salama & Bett, 2014; Roden, 2016) . This difference has been attributed to the downregulation of repolarizing potassium channels by female sex hormones (Drici et al. 1996; Drici & Clement, 2001; Gaborit et al. 2010; Yang & Clancy, 2010) or to the testosterone-induced upregulation of I Kr during puberty in males .
Using left ventricular myocytes and the potassium channel inhibitor drug E4031 to model acquired LQT2, Sims et al. (2008) showed that adult female rabbit myocytes exhibit an increased susceptibility to EADs and arrhythmia formation compared with male myocytes. However, the reverse response is seen in prepubertal (PP) males and females, where males are more susceptible to arrhythmia generation after partial I Kr inhibition (Liu et al. 2005; Sims et al. 2008) . Given that before puberty no sex differences in potassium channel expression are present (Liu et al. 2005) , this observation suggests that factors other than I Kr levels might influence arrhythmia sensitivity in adult females.
Oestrogen also promotes EAD production (Drici et al. 1996; Hara et al. 1998; Pham et al. 2001) by upregulating protein expressions of the L-type calcium channel (Cav1.2α) and Na + -Ca 2+ exchanger (NCX1) in adult female myocytes Yang et al. 2012) . Previous studies of left ventricular myocytes have demonstrated larger L-type calcium currents (I Ca-L ) in adult females compared with adult males Verkerk et al. 2005; Sims et al. 2008; Yang et al. 2012) . In adult rabbits, regional differences were also found among left ventricular myocytes, with female base myocytes exhibiting elevated I Ca-L density and Cav1.2α expression compared with female apex or male base or apex myocytes (Sims et al. 2008; Yang et al. 2012) . The greater I Ca-L levels in adult female base myocytes were associated with prolonged APDs and the appearance of arrhythmogenic EADs in a drug-induced model of LQT2 (Sims et al. 2008) . In contrast, opposite findings were observed for PP rabbits, where higher I Ca-L levels are found in PP male base myocytes, thus making these myocytes more likely than female PP cells to exhibit EADs and arrhythmias during drug-induced LQT2 (Sims et al. 2008) .
Formation of EADs and the initiation of TdP results from reactivation of I Ca-L (January & Riddle, 1989; Volders et al. 2000; Antoons et al. 2007) . During a prolonged AP, enhanced calcium influx via L-type calcium channels results in calcium overload within the sarcoplasmic reticulum (SR). This subsequently induces spontaneous SR calcium release, followed by activation of the depolarizing Na + -Ca 2+ exchanger current (I NCX ), leading to I Ca-L reactivation and EAD formation (Choi & Salama, 2000; Volders et al. 2000; Choi et al. 2002; Weiss et al. 2010) . Thus, EADs are preferentially initiated in base myocytes of the adult female left ventricle because of their higher levels of both I Ca-L and I NCX (Sims et al. 2008; Chen et al. 2011; Kim et al. 2013) .
Previous studies using adult rabbits have focused largely on arrhythmia initiation in the left ventricle. In the right ventricle, female myocytes have a longer APD than male myocytes (Pham et al. 2001) , and EAD initiation can occur in the base region of the female right ventricle (Choi et al. 2002; Sims et al. 2008) . However, regional (base-apex) variations in I Ca-L amplitude and the relationship of I Ca-L to EAD initiation have not previously been investigated in female right ventricular myocytes.
This report investigates the sex and regional differences in I Ca-L density in adult rabbit right ventricular myocytes and its regulation by oestrogen. New Zealand White rabbits were used for this study because myocytes from these animals share similar electrophysiological properties and sex differences in arrhythmia phenotype with human hearts (Sims et al. 2008; Salama & Bett, 2014) . Numerical simulations with a modified Luo-Rudy model of the cardiac AP were also used to model EAD vulnerability.
Methods

Ethical approval
All animal use and housing protocols were approved by the Northeastern Ohio Medical University (NEOMED) Institutional Animal Care and Use Committee (approval no. 08-021) and were in accordance with the current US National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th edition, 2011). Animals were housed at the NEOMED Animal Care Facility and provided with food and water ad libitum.
Isolation of ventricular myocytes
Adult New Zealand White rabbits (Myrtle's Rabbitry, Thompsons Station, TN, USA) were used for this study. Animals (obtained at 12 weeks of age) were allowed to acclimate for 1 week before killing. This age (91 days) is well after the sharp increases in sex steroids, peaking around day 60, that mark puberty (Beyer & McDonald, 1973; de Turckheim et al. 1983; Chen et al. 2011) . Cardiac myocyte isolation and electrophysiological measurements were performed as previously reported (Sims et al. 2008; Chen et al. 2011) . Briefly, animals were anaesthetized and killed with an I.V. injection via the marginal ear vein of sodium pentobarbital (50 mg kg −1 ), and co-injected with heparin (200 U kg −1 I.V.). After ensuring there was no corneal reflex response, a thoracotomy was performed and the heart removed. The heart was then perfused via the aorta for 5 min in a Langendorff apparatus with an oxygenated physiological salt solution (PSS) containing (mM): 140 NaCl, 5.4 CsCl, 2.5 CaCl 2 , 0.5 MgCl 2 , 11 glucose and 5.5 Hepes (pH 7.4). This was followed by a 10 min perfusion with Ca 2+ -free PSS, perfusion with collagenase type 2 (Worthington Biochemical, Lakewood, NJ, USA; at 0.6 mg ml −1 in Ca 2+ -free PSS) for 15 min, and Ca 2+ -free PSS perfusion for 5 min.
After perfusion, the heart was placed in a highpotassium buffer containing (mM): 110 potassium glutamate, 10 KH 2 PO 4 , 25 KCl, 2 MgSO 4 , 20 taurine, 5 creatinine, 0.5 EGTA, 20 glucose and 5 Hepes (pH 7.4). The right ventricle was isolated and separated into apex and base regions, which were minced using surgical scissors and filtered using 200 μm nylon mesh. Isolated myocytes were stored in a high-potassium buffer until needed. The heart, myocytes and all solutions were maintained at 37°C throughout the perfusion and myocyte isolation process. The pH for all physiological solutions was adjusted to their final pH of 7.4 with the addition of NaOH or HCl as needed while the solution was stirring and monitored using a pH meter.
Electrophysiology
The whole-cell configuration of the patch-clamp technique was used to measure I Ca-L from individual myocytes. Patch pipettes had resistances of 1-3 M when filled with (mM): 130 CsCl, 20 tetraethylammonium chloride (TEA-Cl), 5 MgATP, 5 EGTA, 0.1 Tris-GTP and 5.0 Hepes (pH 7.4). Macroscopic currents were recorded using an Axopatch 200B voltage-clamp amplifier, filtered at 5 kHz, and sampled at 10 kHz using a Digidata 1440A interface and pCLAMP (version 10.2) software (Molecular Devices, Sunnyvale, CA, USA). Cells were bathed in K + -free extracellular solution (35°C) containing (mM): 140 NaCl, 5.4 CsCl, 2.5 CaCl 2 , 0.5 MgCl 2 , 11 glucose and 5.5 Hepes (pH 7.4).
The magnitude of I Ca-L was measured as the peak inward current recorded during a 100 ms voltage-clamp step to 0 mV, applied following a 50 ms prepulse to −30 mV from a holding potential of −80 mV every 6 s. The I Ca-L was isolated by blocking K + channels with Cs + and TEA-Cl, inactivating Na + channels with the −30 mV prepulse step, and eliminating the driving force for Cl − currents by measuring I Ca-L close to the predicted Cl − equilibrium potential (0 mV). Current-voltage (I-V) relationships were determined using a similar protocol, with a series of 100 ms voltage steps (from −30 to +60 mV) to obtain the peak calcium current at each voltage. All recordings were made 3-5 min after gaining whole-cell access and after I Ca-L had stabilized. Series resistance was partly compensated to achieve values of ࣘ3.0 M so as to prevent large voltage errors when measuring larger (1.5 nA) whole-cell I Ca-L. Capacitance measurements were obtained from membrane test parameters using Axon software, and I Ca-L was normalized to cell capacitance (C) by I Ca-L /C. The data are expressed as I Ca-L density in picoamperes per picofarad.
L-Type calcium channel activation curves were constructed by plotting normalized conductance as a function Sex differences in right ventricular L-type Ca 2+ current levels of test potential. Parameters for the voltage dependence of activation were obtained from the least-squares fit of data points to the following equation:
where g/g max represents the normalized Ca 2+ conductance, V T are test voltage steps from −30 to + 30 mV, V 0.5 is the voltage at which current activation is half-maximal, and b is the slope. Parameters for the voltage dependence of inactivation were obtained from the following equation:
where I is the normalized peak inward current measured during a test pulse to 0 mV following a prolonged (5 s) conditioning pulse (V c ) to membrane potentials between −50 and +20 mV, I ir is the inactivation-resistant current, V 0.5 is the potential at which current inactivation was half-maximal, and b is the slope. To correct for possible current rundown, the current elicited during the test pulse was normalized to the magnitude of the current recorded during a pretest pulse from −80 to 0 mV, which preceded each conditioning pulse.
Cell culture of isolated myocytes
To investigate the effects of oestrogen on I Ca-L , isolated female ventricular base myocytes cells were maintained in vitro for 2 days Yang et al. 2012) . For this, isolated myocytes in a high-K + buffer solution were allowed to settle, and the pellet was washed once and resuspended in an incubation medium consisting of Phenol Red-free medium 199 supplemented with 5% fetal bovine serum and 100 μg ml −1 primocin (Gibco-Life Technologies, Grand Island, NY, USA). Cells were incubated (in air supplemented with 5% CO 2 ) at 37°C for 2 days on laminin-coated (20 μg ml −1 in serum-free medium 199) culture dishes in the presence or absence of 17β-estradiol (E 2 ; 1 nM; Sigma-Aldrich). The E 2 was added to the cultures from a stock solution in DMSO (final concentration of 1:10,000). Control cells were incubated without E 2 , but with the same final concentration of DMSO.
Mathematical model
To investigate the effects on the cardiac AP of altering L-type calcium current magnitude, we used a modification of the Luo-Rudy 2000 (LRd00) mathematical model of the mammalian ventricular AP (Luo & Rudy, 1994a,b; Faber & Rudy, 2000) . This model includes voltage-gated ionic, exchanger and background currents. The membrane voltage equation is as follows:
Voltage-gated ionic currents incorporated into the model include the sodium (I Na ), L-type and T-type calcium (I Ca-L and I Ca-T ), rapid and slow delayed rectifier potassium (I Kr and I Ks ), inward rectifier potassium (I K1 ) and transient outward (I to ) currents. Additional voltage-independent currents that function continuously include the sodium-calcium exchanger (I NCX ), sodium-potassium pump (I Na-K ), background sodium, background calcium and plateau potassium currents (I Na-b , I Ca-b and I Kp ) and the sarcolemmal calcium pump (I p(Ca) ). A periodic stimulus current (I stim ) is used to model the signal from pacemaker cells that trigger each AP.
The LRd00 model also tracks the intracellular ionic concentrations of sodium, potassium and calcium within three different intracellular compartments, namely the myoplasm, the network SR and the junctional SR. It updates ion concentrations at each time step and also accounts for the dynamics of intracellular calcium, including release, uptake, leak and translocation currents between the SR and myoplasm, as well as calcium buffering in the myoplasm and junctional SR. The model is coded in C++ and uses the code to solve the system of differential equations. The voltage equation is solved using the exponential Euler method, and the approximated voltage is used to solve for the gating variables (Rush & Larsen, 1978; Victorri et al. 1985) . Buffering is modelled via a set of algebraic equations updated at each time step. The model is run for 300 cycles to approach a stimulus-driven steady state. Although LRd00 was designed to model guinea-pig ventricular myocytes, we adapted it for rabbit myocytes by the addition of the transient outward current (Dumaine et al. 1999) . To mimic LQT2, the model equations were modified to reduce I Kr conductance by 50% (Makkar et al. 1993; Viswanathan et al. 1999; Sims et al. 2008; Maruyama et al. 2011) .
Statistical analysis
All results are reported as the mean ± SD of at least three or more independent experiments. For I Ca-L density comparisons between male/female base/apex myocytes, statistical analysis used a 2 × 2 two-factor ANOVA, which showed significant interaction, followed by a one-factor test with Tukey's post hoc tests to identify significant pairings. Statistical comparisons between two groups of experimental data used Student's two-tailed t test. For all tests, statistical difference was defined as P < 0.05.
Results
Sex differences in I Ca-L density
Whole-cell patch recordings of I Ca-L were obtained from acutely isolated right ventricular base and apex myocytes Z. M. Kalik and others taken from adult rabbits of both sexes. Peak current was normalized to cell capacitance to yield current density.
During voltage steps to 0 mV, I Ca-L activated rapidly, reaching its peak amplitude within 10-12 ms, then slowly inactivated (Fig. 1) . Female base myocytes displayed a 67% larger I Ca-L density (6.5 ± 1.9 pA pF −1 , n = 7) compared with male base myocytes (3.9 ± 1.4 pA pF −1 , n = 12; P < 0.002). In addition, female base myocytes exhibited a 55% larger I Ca-L density compared with female apex myocytes (4.2 ± 0.8 pA pF −1 , n = 8; P < 0.025). In contrast, there were no significant differences in I Ca-L density between male base and male apex myocytes (4.3 ± 1.2 pA pF −1 , n = 4) or between male and female apex myocytes. Thus, I Ca-L showed both sex and regional differences.
Similar differences were seen in the I-V relationships for peak I Ca-L (Fig. 2) . For all cells, the current began to activate near −30 mV, and the maximal current was observed at +10 mV. Peak I Ca-L densities for female base myocytes (n = 4) were significantly greater at voltages between −10 and +40 mV compared with male base myocytes (n = 8; P < 0.01). Female base myocytes also exhibited significantly greater I Ca-L densities at voltages of 0 to +10 mV compared with female apex myocytes (n = 5; P < 0.01). No differences were observed at any voltage in I Ca-L densities between female and male apex myocytes (n = 5) or between male apex and base myocytes. Thus, I Ca-L density was significantly larger in female base myocytes versus female apex, male apex or male base myocytes.
To test whether differences in the voltage dependence of I Ca-L might underlie the observed differences in current density, activation and inactivation properties of I Ca-L were measured directly. In apex and base myocytes of both sexes, I Ca-L began to activate at approximately −30 mV and reached its maximal conductance at +10 mV (Fig. 3A) , in agreement with the I-V measurements (Fig. 2) . Activation curves for all myocytes yielded similar half-activation voltages and slopes (Table 1) . For current inactivation (Fig. 3B) , conditioning voltage steps of −60 mV or more negative did not decrease the subsequent maximal amplitude of I Ca-L . However, less negative conditioning steps decreased I Ca-L amplitude, with voltages above −30 mV completely inactivating I Ca-L in all myocytes. Myocyte inactivation curves showed no differences in half-inactivation voltages or slopes (Table 1) . Together, these data indicate that differences in the voltage dependence of I Ca-L activation or inactivation cannot explain the larger current density observed in female base myocytes.
Effects of oestrogen on I Ca-L
Previous studies have demonstrated that oestrogen can enhance APD and EAD production and upregulate I Ca-L (Drici et al. 1996; Hara et al. 1998; Pham et al. 2001; Yang et al. 2012) . To test the effects of oestrogen on I Ca-L density, adult female myocytes isolated from the base region of the right ventricle were cultured for 2 days in the absence or presence of 17β-estradiol (E 2 ; 1 nM). The E 2 treatment significantly enhanced I Ca-L density in female base myocytes (Fig. 4) . After 1 day of culture, I Ca-L density measured at 0 mV was increased by 56%, from 7.5 ± 3.2 (control, n = 7) to 11.7 ± 2.9 pA pF −1 (E 2 treated, n = 5; P = 0.04). After 2 days, I Ca-L was 65% higher in E 2 -treated myocytes (E 2 , 18.3 ± 3.2 pA pF −1 , n = 4; control, 11.1 ± 2.4 pA pF −1 , n = 4; P = 0.01).
Mathematical simulations
We used our modified LRd00 mathematical model to investigate the effects of I Ca-L current density on the cardiac AP. Simulations were run with varying levels of I Ca-L density to simulate male or female right ventricular base myocyte responses ( Fig. 5 ; cardiac APs, top traces; I Ca-L density, lower traces). Continuous lines represent control conditions. To simulate LQTS type 2 (dotted lines), the maximal I Kr conductance was reduced to 50% (Makkar et al. 1993; Viswanathan et al. 1999; Sims et al. 2008; Maruyama et al. 2011) . The APDs were measured from AP peak to 90% of repolarization (APD90). The initial simulation ( Fig. 5A ; top panel, continuous line) used the LRd00 default I Ca-L current density permeability (1.0×) to represent normal male base myocytes. As female right ventricular base myocytes exhibit a 67% larger I Ca-L density (Fig. 1E) , these cells were simulated by increasing the I Ca-L density permeability to 170% (1.7×) of the basal level ( Fig. 5B ; top panel, continuous line). In control conditions, this increase in calcium current magnitude prolonged APD90 by 19%, from 145 (basal I Ca-L ) to 172 ms (1.7× I Ca-L ). Additional increases in I Ca-L density permeability further prolonged APD90, increasing it by 23% to 178 ms at 185% I Ca-L density permeability (1.85×; Fig. 5C ; top panel, continuous line), and by 27% to 184 ms at 200% I Ca-L density permeability (2.0×; Fig. 5D ; top panel, continuous line). In all of these simulations, the underlying calcium current ( Fig. 5A-D ; bottom panels, continuous lines) followed the same time course as the AP, with the peak inward current corresponding to production of the AP peak.
With a 50% reduction in the repolarizing I Kr conductance to mimic LQT2, APD90 lengthened in the male base myocyte simulation (1.0× I Ca-L density) by 19%, from 145 to 173 ms ( Fig. 5A ; top panel, dotted line). At higher I Ca-L density permeabilities (from 110 to 160% of basal), APD90 gradually increased (data not shown). However, at 170%, similar to the I Ca-L density observed in female base myocytes, a 50% I Kr conductance decrease resulted in an initial AP peak followed by a second Sex differences in right ventricular L-type Ca 2+ current levels Female base myocytes exhibited larger current densities than those found in male base myocytes (A) or female apex myocytes (C). Currents from male and female apex myocytes (B) or from male base and apex myocytes (D) displayed similar peak amplitudes. E, summary of differences in I Ca-L density. The I Ca-L density was 67% higher in female base myocytes (6.5 ± 1.9 pA pF −1 , n = 7) compared with male base myocytes (3.9 ± 1.4 pA pF −1 , n = 12, * * P < 0.002), and 55% higher than female apex myocytes (4.2 ± 0.8 pA pF −1 , n = 8; * P < 0.025). There were no significant differences between male apex (4.3 ± 1.2 pA pF −1 , n = 4) and female apex myocytes or between male base and apex myocytes.
peak ( Fig. 5B ; top panel, dotted line). This second peak is an EAD, initiated by reactivation of the underlying I Ca-L ( Fig. 5B ; bottom panel, dotted line), which increased APD90 by 102%, from 172 to 348 ms. Additional LQT2 simulations, using I Ca-L density permeabilities of 185 or 200% of basal, resulted in the appearance of multiple EADs ( Fig. 5C and D; top panel, dotted lines), with each EAD associated with a reactivation of I Ca-L ( Fig. 5C and D; bottom panels, dotted lines). The EADs greatly increased APD90 to 436 (1.85×) or 441 ms (2.0×). At these higher I Ca-L levels (above 1.7×), the number of EADs per AP cycled in short patterns, with patterns of one then two EADs per AP, or two, two, then three EADs per AP. Similar variations in EAD production have also been observed in isolated myocytes and numerical models (Sridhar et al. 2008; Weiss et al. 2010) .
Our simulation results are summarized in Fig. 6 , which shows the relationship between APD and changes in I Ca-L density permeability during different magnitudes of I Kr blockage. In the absence of I Kr inhibition (0%), doubling I Ca-L density from the baseline level of 1.0× up to 2.0× results in only small increases in APD (Fig. 6A, contiuous  line) . A small decrease in I Kr (30% inhibition) produces similar responses. However, with increasing levels of I Kr blockage (40-80% I Kr inhibition), elevation of I Ca-L density above a threshold level results in a simulated AP that is accompanied by one or more EADs, causing the APD to increase dramatically.
These same effects are exhibited in a two-dimensional contour plot (Fig. 6B) , in which APD is displayed using a colour map for a given pair of parameter values of percentage I Kr inhibition and I Ca-L density permeability scaling. The region in the parameter space in which there are no EADs is shown in blue. In this region, the level curves of equal APD are approximately linear. As the percentage I Kr inhibition and I Ca-L density permeability scaling increase, there are transitions to regions of one EAD (light green), two EADs, (yellow) and three EADs (red). The I Ca-L densities were similar over all voltages between female apex (n = 5) and male apex myocytes (n = 4; filled triangles) and between male base and male apex myocytes. Sex differences in right ventricular L-type Ca 2+ current levels
Our electrophysiological recordings from isolated myocytes showed that I Ca-L of female base myocytes is 67% larger (1.67×) than that of male base myocytes. Therefore, within the two-dimensional parameter space (Fig. 6B) , the I Ca-L density permeability scalings for female base myocytes is 1.67, compared with 1.0 for male base myocytes, 1.1 for male apex myocytes, and 1.08 for female apex myocytes. Owing to the low I Ca-L density levels in male base, male apex and female apex myocytes, EAD initiation would require a near-total blockage of I Kr . In contrast, the threshold for EAD initiation in female base myocytes is ß55% I Kr inhibition. The simulated appearance of an EAD at the I Ca-L density of female base myocytes with only partial I Kr blockage suggests that congenital or acquired reductions in repolarization reserve will make females more susceptible to the appearance of arrhythmogenic EADs. Table 1 for details.
Discussion
Whole-cell patch-clamp recordings obtained from right ventricular myocytes acutely isolated from the apex and base regions of adult male and female rabbits have demonstrated sex and regional differences in L-type calcium current density. We found significantly higher levels of I Ca-L in female base myocytes compared with female apex, male base or male apex myocytes. No differences in current density were found among female apex, male apex and male base myocytes. Currents recorded from base and apex myocytes of both sexes demonstrated similar I-V relationships, with no differences in voltage dependences of current activation or inactivation. As female rabbit right ventricular base myocytes express significantly higher levels of L-type calcium channel protein (Cav1.2α; Kim et al. 2013) , it is likely that the elevated peak I Ca-L amplitude we observed in female base myocytes is attributable to the increased expression of calcium channels, rather than to variations in voltage-dependent channel properties. A similar conclusion was reached in studies of base myocytes from the left ventricle of adult female rabbits, which also display high Cav1.2α expression levels correlated with elevated I Ca-L density (Sims et al. 2008; Yang et al. 2012) .
Our results demonstrated that I Ca-L densities in adult female base myocytes from the right ventricle were 67 and 55% larger than current levels seen in male base or female apex myocytes, respectively. These differentials are larger than those observed for I Ca-L density in left ventricular myocytes (48% difference for female versus male base myocytes; 38% for female base versus apex myocytes; Sims et al. 2008) . However, when compared with right ventricular myocytes, both base and apex myocytes from the female left ventricle (Sims et al. 2008 ) exhibited higher peak I Ca-L densities, with left ventricle base myocytes having a 46% larger I Ca-L density compared with right ventricle base myocytes (9.5 versus 6.5 pA pF −1 ) and a 64% higher current density for apex myocytes from the left versus right ventricle (6.9 versus 4.2 pA pF −1 ). Thus, the right ventricle shows greater sex and regional variations in I Ca-L densities when compared with the left ventricle, but the magnitudes of the I Ca-L densities found in left ventricular myocytes are much larger than those of comparable myocytes from the right ventricle. As our simulations showed, increasing I Ca-L density prolongs the duration of the AP. Thus, it is likely that the larger I Ca-L amplitude of left ventricular myocytes will contribute to a longer APD in these cells.
It is well known that adult females are at increased risk for LQT2 and drug-induced arrhythmias, such as TdP (Makkar et al. 1993; Locati et al. 1998; Drici & Clement, 2001; Salama & Bett, 2014; Roden, 2016) . Oestrogen may enhance this risk by reducing repolarization reserve with a partial suppression of the rapid delayed rectifier Z. M. Kalik and others potassium current (I Kr ; Kurokawa et al. 2008 ). In addition, we found that oestrogen upregulated I Ca-L in cultured female right ventricle base myocytes. Previous studies of female left ventricular rabbit myocytes have found similar oestrogen-induced upregulations of I Ca-L and the depolarizing sodium-calcium exchange current (I NCX ) in base but not apex myocytes Yang et al. 2012) . These findings suggest that oestrogen plays a role in base-apex ionic current heterogeneity, thus enhancing the excitability of base region myocytes and increasing the vulnerability of adult females to arrhythmias. Numerical simulations were performed using a modified version of the Luo-Rudy model of the cardiac AP to predict sex and regional differences in arrhythmia Myocytes were cultured for 1 or 2 days in the absence (control) or presence (E 2 ) of 1 nM 17β-estradiol. Significantly higher I Ca-L levels were observed in E 2 -treated myocytes when compared with control myocytes ( * P = 0.04; * * P = 0.01).
susceptibility. We found that increasing the magnitude of I Ca-L lengthened APDs, suggesting that the elevated I Ca-L density observed in female base myocytes could be an important contributing factor to the longer APDs and rate-corrected QT intervals of adult women (Makkar et al. 1993; . However, even at the highest simulated levels of I Ca-L , no EADs were observed, suggesting that elevated I Ca-L alone is not arrhythmogenic.
Women have less repolarizing capacity than men, which also contributes to the longer APD of women, making them more susceptible to LQT2, a potentially fatal prolongation of the cardiac AP resulting from a congenital or drug-induced decrease in I Kr (Makkar et al. 1993; James et al. 2007; Webster & Berul, 2008; Salama & Bett, 2014; Roden, 2016) . To model LQT2 and examine the effects of elevated I Ca-L and reduced repolarization, AP simulations were run in which I Kr conductance was decreased by various amounts.
Our simulations showed that the appearance of arrhythmogenic EADs does not occur immediately with AP prolongations resulting from increased I Ca-L density (1.1-1.6×), even when combined with a partial reduction (30%) in I Kr . However, at higher levels of I Kr inhibition, elevation of I Ca-L above a threshold level yielded an AP that was greatly prolonged because of the appearance of a large EAD. The underlying simulated calcium current indicated that the EAD was initiated by I Ca-L reactivation. When the I Ca-L density was set at 70% above the baseline level (1.7×) to mimic the 67% larger I Ca-L that we observed in female compared with male right ventricular base myocytes, simulations using a 50% inhibition of I Kr to model LQT2 resulted in the appearance of an EAD. Additional simulations demonstrated the dependence of EAD initiation on the interplay between I Ca-L density and I Kr inhibition over broad ranges of these parameters. These findings lend support for the hypothesis that sex differences in I Ca-L magnitude can be an important contributor to arrhythmia susceptibility in women.
Our findings are similar to those of a previous study (Sims et al. 2008) , which showed that adult rabbit female base myocytes isolated from the left ventricle exhibited elevated I Ca-L density when compared with male base, Sex differences in right ventricular L-type Ca 2+ current levels are compared with responses obtained with a 50% reduction in rapid delayed rectifier potassium current (I Kr ) conductance to simulate long QT syndrome type 2 (LQT2; dotted lines). A, the default I Ca-L density permeability (1.0×) of the model yielded an action potential duration (APD) of 145 ms (control) and 173 ms (LQT2). B, increasing I Ca-L density permeability to 170% (1.7×) of the basal level resulted in the appearance of an early after-depolarization (EAD; second peak). The EAD increased overall APD from 172 (control) to 348 ms (LQT2). Note that in the LQT2 simulation, appearance of the EAD corresponds to reactivation of the underlying I Ca-L . C, at an I Ca-L density permeability of 185% (1.85×), APD was 178 (control) or 436 ms (LQT2), with two EADs. D, at 200% (2.0×) I Ca-L density permeability, APD was 184 (control) or 441 ms (LQT2), with two EADs. All figures show the 300th action potential, to ensure that the simulation system had reached a stimulus-driven steady state.
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female apex or male apex myocytes, and in the presence of E4031 (a I Kr blocker) to simulate LQT2, EADs were observed only with female base myocytes. That study also showed that simulations of left ventricular APs using an elevated I Ca-L to model female base myocytes resulted in EAD formation when combined with a 50% reduction in I Kr repolarization (Sims et al. 2008) . In addition, optical voltage mapping of the anterior ventricular wall of isolated hearts in the presence of E4031 found that the earliest EADs and their progression to TdP preferentially occurred in females at the base regions of both the left and right ventricles (Choi et al. 2002; Sims et al. 2008) . Thus, Sims . Relationship between action potential duration (APD) and I Ca-L density permeability during different levels of I Kr inhibition A, with no reduction in I Kr (0% I Kr inhibition) or a low level (30%) of I Kr inhibition, increasing I Ca-L density over the range of 1.0-2.0× results in only small increases in APD. At higher levels of I Kr blockage (40-80% I Kr inhibition), elevations of I Ca-L above a threshold level yield substantial increases in APD owing to the initiation of one, two or three EADs (seen as changes in the plateau levels of the response curves). B, these same effects are shown in a two-dimensional contour plot, in which the APD for a pair of values of percentage I Kr inhibition and I Ca-L density permeability scaling is displayed as a colour map. The blue region in the parameter space corresponds to the absence of EADs, while the light green, yellow and red regions correspond to one, two and three EADs, respectively. et al. (2008) concluded that the elevated I Ca-L of female left ventricular base myocytes promoted EAD initiation. The observation that the base region of the right ventricle was also a site for EAD initiation (Choi et al. 2002; Sims et al. 2008) , combined with our measurements of elevated I Ca-L density in right ventricular myocytes and LQT2 AP simulations, strongly supports the hypothesis that the higher levels of I Ca-L in both right and left female base ventricular myocytes can contribute to arrhythmogenic EAD genesis.
Reactivation of I Ca-L has been implicated as the trigger for EAD production in LQT2 or during drug-induced repolarization inhibition (January & Riddle, 1989; Volders et al. 2000; Antoons et al. 2007; Sims et al. 2008) . It has been postulated that the prolonged AP depolarization was directly responsible for I Ca-L reactivation and EAD initiation (January & Riddle, 1989) , suggesting that an elevated I Ca-L density might be sufficient to extend APD to the point that allows for I Ca-L reactivation. However, we did not see evidence for this in simulations run without a reduction in I Kr . Thus, no EADs were generated in these conditions, even when APD was prolonged by 32% after a doubling of the basal I Ca-L density. More recent studies have hypothesized that AP prolongation promotes SR calcium overload, followed by spontaneous SR calcium release and enhancement of the depolarizing I NCX , thus leading to I Ca-L reactivation (Choi & Salama, 2000; Volders et al. 2000; Choi et al. 2002; Weiss et al. 2010; Ginsburg et al. 2013) . In support of this, NCX1 and I NCX have been found to be significantly elevated in adult female left and right ventricular base myocytes compared with female apex or male base or apex myocytes Kim et al. 2013) . Thus, elevated I Ca-L and I NCX densities are found in both right and left female base myocytes, a combination that would greatly enhance the propensity of these cells to develop arrhythmogenic EADs.
Although the appearance of EADs and polymorphic ventricular tachycardias in LQT2 is often associated with sympathetic stimulation, in the present study we measured I Ca-L densities only in baseline conditions, and thus further studies are needed to determine the effects of isoprenaline or sympathetic stimulation on I Ca-L current densities and APD in right ventricular base and apex myocytes. In addition, the mathematical simulations did not model sympathetic stimulation, nor did they address the role of intracellular calcium release and any potential effect this might have for EAD formation in apex versus base myocytes. The rabbit myocyte model by Mahajan et al. (2008) , with more sophisticated intracellular calcium cycling, could be used for such a study.
Conclusion
This study demonstrated that base myocytes from the female rabbit right ventricle display significantly higher I Ca-L density, and this current is upregulated by oestrogen. Mathematical simulations found that this level of I Ca-L , combined with a partial reduction of I Kr repolarization, resulted in EAD initiation. Thus, our findings support the hypothesis that in women, the elevated I Ca-L of base myocytes, coupled with a partial reduction in repolarizing ability attributable to a congenital or drug-induced reduction of I Kr as seen in LQT2, may play a significant role in an increased susceptibility for ventricular arrhythmia initiation.
